3+ /Er 3+ /Bi 3+ triply-doped yttrium aluminum garnet (YAG) is synthesized using co-precipitation method. The Bi 3+ concentration-dependent near-infrared (NIR) emission behavior is systemically investigated. The NIR emission of Er 3+ ions at 1531 nm is enhanced threefold by the addition of 7 mol% Bi 3+ . Bi 3+ doping results in the formation of exciton in YAG and the variation in the local environment of the doped rare-earth ions. 
Near-infrared (NIR) Er
3+ emission at approximately 1530 nm on its 4 I 13/2 → 4 I 15/2 transition has attracted attention because of its important applications in fiber amplifiers, solid-state lasers, telecommunications, remote sensing, molecular-based imaging, etc. [1−5] . However, Er 3+ ions in inorganic matrice show no strong absorption bands in the visible and NIR spectral ranges because of the nature of the 4f forbidden transitions. Thus, co-doping the matrix with corresponding sensitizers is necessary to enhance the absorption efficiency of Er 3+ ions. Good sensitizers for Er 3+ ions in different matrices include Cr 3+ , Yb 3+ , and Ce 3+ ions, which have broad and strong absorption bands in the visible and NIR spectral ranges as well as channels of efficient nonradiative transfer of the electron excitation energy to Er 3+ acceptor ions [6] . Ce 3+ ions are advantageous over the other donors because the dipole allows intra configuration of 4f →5d transitions of Ce 3+ , which are involved in the absorption and energy transfer processes, and the strengths of such transitions exceed those of parity forbidden intra configuration transitions by several orders of magnitude [7] . Meanwhile, the branching ratio of 4 further enhances the 1530-nm emission [1] . The effects of Ce 3+ doping on NIR Er 3+ emission in yttrium aluminum garnet (YAG) have been investigated [8−11] . [12, 13] . Red emission of Eu 3+ can be remarkably improved by Bi 3+ sensitization under ultraviolet excitation [14−16] . Several studies have also reported on the visible emission (477 nm) of Bi 3+ -doped YAG caused by the excitons localized near Bi 3+ ions [17, 18] . The emission bands of Bi 3+ doping-induced excitons are strongly overlapped with the 4f -5d absorption bands of Ce 3+ ions with peak at 459 nm, thereby resulting in the efficient energy transfer from excitons to Ce 3+ ions in the YAG matrix [19] . In this letter, Ce 3+ /Er 3+ /Bi 3+ triply-doped YAG was prepared using a co-precipitation method. The effect of Bi 3+ co-doping on NIR emissions was systemically investigated.
Ce
3+ (x = 0, 0.02, 0.07, 0.11)) was prepared using co-precipitation method followed by heat treatment. Al(
, and Ce(NO 3 ) 3 ·6H 2 O aqueous solutions were dissolved in properly deionized water according to the designed mole ratio of the sample; the dissolved aqueous solution was marked as solution A. The NH 4 HCO 3 aqueous solution was marked as solution B, the mole ratio of which to cations in solution A is 3:1. The concentrations of solutions A and B were 0.2 mol/L. Precipitates were then obtained by slowly dropping solution A into solution B under constant stirring using a glass rod. The precipitates were filtered and washed thrice with distilled water. After drying at 100
• C for 24 h, the precipitates were pre-sintered at 400
• C for 2 h and then sintered at 1500
• C for 6 h. The structure of the samples were identified by X-ray diffraction (XRD) on a Bruker D8 advance equipment using Cu tube with Kα radiation of 0.15406 nm in the 2θ range of 20
• -80
• . The microstructure was analyzed using a JSM-6610 scanning electron microscope (SEM).
The excitation and emission spectra excited by a 469-nm laser were recorded using a FLS-920 spectrofluorimeter (Edinburgh Instruments, UK). All experiments were performed at room temperature.
The The monitored excitation spectra of YAG: 0.06Ce 3+ /0.15Er 3+ /xBi 3+ (x = 0, 0.02, 0.07, 0.11) in the 1531-nm emission of Er 3+ are shown in Fig. 3 . Each curve consists of a strong band centered at 469 nm and three relatively weaker peaks at 344, 380, and 525 nm. The different curves were compared, and the results show that the excitation intensity increases gradually with increasing concentration of Bi 3+ ions from 0 to 7 mol%, and the excitation intensity decreases when the concentration reaches 11 mol%. The obtained NIR region luminescence spectra of YAG:Ce 3+ /Er 3+ /xBi 3+ (x = 0, 0.02, 0.07, 0.11) under 469-nm excitation are shown in Fig. 4(a) . NIR emission intensities versus Bi 3+ concentration is plotted in Fig. 4(b) (Fig. 6 ). An increase in excitation intensity is observed for the YAG:Ce 3+ /Er 3+ /Bi 3+ . No emission at 590 nm is found in YAG:Er 3+ in terms of the energy level of Er 3+ ions. However, 590 nm locates within the range of broad emission band of Ce 3+ . Therefore, the increased excitation intensity monitored at 590 nm for the YAG:Ce 3+ /Er 3+ /Bi 3+ sample demonstrates the effective energy transfer from excitons to Ce 3+ ions. To explore further the mechanism underlying the enhancement of the NIR luminescence, structural variations induced by Bi 3+ ions are also detected using Eu
3+
as probe. The emission spectra of YAG:Eu 3+ (2 mol%) and YAG:Eu 3+ (2 mol%) co-doped with 2 mol% Bi
ions under 398-nm excitation are shown in Fig. 7 . The emission spectrum mainly consists of a sharp peak at ion is the hypersensitive electronic dipole transition, which is markedly affected by the coordination environment, whereas the 5 D 0 → 7 F 1 transition is the magnetic dipole transition, which is much less sensitive to the coordination environment [20−23] . The magnetic dipole transition is maintained even at low-symmetry environment. Therefore, the relative intensity ratio R, which is defined as I( 
